In this paper we examine quality-adjusted prices for local area network (LAN) equipment. Hedonic regressions are used to estimate price changes for the two largest classes of LAN equipment, routers and switches. A matched model was used for LAN cards and the prices for hubs were inferred by using an economic relationship to switches. Overall, we find that prices for the four groups of LAN equipment fell at a 17 percent annual rate between 1995 and 2000. These results stand in sharp contrast to the PPI for communications equipment that is nearly flat over the 1990s.
I. Introduction
Local area networking (LAN) equipment routes information between computers and plays a part in every message sent and received over the Internet. Rapid technical change in LAN equipment and the subsequent declines in prices was one of the necessary ingredients to the widespread diffusion of computer networks and the explosion in the popularity of the Internet.
As can be seen in table 1, nominal spending on LAN equipment grew very rapidly during the 1990s, complementing investments in computers and peripherals and in software. In 1991, spending on LAN equipment was below $2 billion. By 2000, sales of LAN equipment in the United States totaled close to $16 billion dollars to become one of the single largest categories within communications equipment. One could argue that without the technological advances in LAN equipment, communication would be much costlier than it is today, and the benefits society has received from the information technology revolution would be significantly reduced.
Although technical change in LAN equipment was one of the key inputs to the spurt in information technology investment in the late 1990s, there has been no prior work to measure price changes in LAN equipment. Previous authors have shown that lack of accurate price data can have important implications for estimating growth and productivity. For instance, Jorgenson and Stiroh (2000) found that changing the estimated rate of price declines in communications equipment could add nearly 0.1 percentage point to average annual GDP between 1990 and 1998. 1 Given the importance of LAN equipment, we investigate the rate of price declines in LAN equipment in the late 1990s. We present the results of an analysis of price changes for four of the most important types in LAN equipment: routers, switches, LAN cards, and hubs. We use hedonic regressions to estimate price changes for the two largest classes of LAN equipment, routers and switches. We use matched models for LAN cards and the prices for hubs were inferred by using an economic relationship to switches. We use manufacturer product catalogs and third-party product reports to estimate hedonic regressions, and use privately compiled price estimates in our matched models. Gathering the data for this project was difficult, and the difficulty no doubt help explains why there has not been more work in this area. In fact, one can view this project as one small battle in the "house-to-house" combat that is necessary to improve price measures that are used in the National Income and Product Accounts (Shapiro and Wilcox 1996) . 2 Our results show that price declines in LAN equipment were robust, with a sizable impact on estimates on the real growth in communications equipment investment. We find that prices of the four groups of LAN equipment fell at double-digit rates in the last half of the 1990s.
Routers fell an average of about 14 percent between 1995 and 1999, although results vary considerably across router classes. Prices for switches fell faster than routers, averaging an annual decline of about 22 percent. The prices for LAN cards dropped at an annual average rate of 18.3 percent. We estimate that the prices for hubs, the smallest portion of the LAN category, fell an average of 19 percent. Between 1995 and 1999, our estimate of the price index for all LAN equipment fell an average of 17 percent--pulled down by switches and hubs but held up by routers. These results stand in sharp contrast to the PPI for communications equipment that is nearly flat over the 1990s, and would create an upward revision to real investment growth rates for communications equipment and non residential investment of 2.4 and 0.2 percentage points, respectively.
We show that price declines vary a great deal over different segments of the router market. We discuss how this variation depends on factors such as market concentration, switching costs, and the penetration of the new technology. Although we are unable to test the relationship, our data are unique because they suggest how switching costs can affect the rate of price declines at different stages in the diffusion of a new technology. Thus, our paper also contributes to the recent hedonic literature examining the relationship between market structure and price declines. The basic manner in which LAN equipment transmits data packets is similar to that which circuit switches use to transmit voice messages. A common language, or protocol, is used so that communications can be sent from a sender to a receiver. This language is translated by various means into a signal that travels over a physical medium, such as copper wire, fiber optic cable, or over the airwaves. Because of the physical impossibility of maintaining direct communications links between every possible sender and receiver of data, network traffic travels over the physical medium through a series of nodes that, like circuit switches in the telephone communications infrastructure, act to guide and regulate traffic over the network.
LAN equipment directs traffic between computers, making possible email transmissions, Internet browsing, and file sharing with co-workers. LANs are used to connect small groups of users who are usually located physically close to one another and who may often wish to utilize a shared resource such as a printer or some other peripheral. Users in a LAN are often grouped not only physically but also functionally, so that the most frequent contacts for a user within a LAN will usually be other users within the same LAN.
To make some sense of the various LAN devices, figure 1 has a simplified and partial diagram of a prototype network for a company. We use this diagram to describe the four classes of LAN equipment we study: routers, switches, LAN cards, and hubs. When an email is sent from a computer in the Marketing Division (the bottom right of the figure), the computer breaks the message into pieces, called packets. The packets are sent through the computer's LAN card, a device that physically connects the PC to the computer network. The packets then go to a switch. Switches act as filters, making decisions on where a packet should go. For instance, if a file is to be printed, the packets of information can stay in the LAN and are not sent out to the broader network. Switches operate like circuit switches in the public telephone network, acting as nodes that take incoming traffic and redirect it to its final destination. Switches are advanced products, sometimes containing hundreds of ports and capable of redirecting millions of packets of information a second.
The switch sends the email message to a router that oversees the Marketing Division.
Routers are usually the "brains" behind any network. A router is a sophisticated device that decides how packets should travel through the network. If the message is intended for a coworker, the router sends the message back down the network. In the case of an email to someone outside the site, the message will be sent along a fiber optic loop, hit another router, and is sent out to the Internet.
Like switches, routers direct packets of information across a network. However, differences in the ways that routers and switches work give routers some added functionality 3 See, for example, Gandal (1994) , Brynjolfsson and Kemerer (1996) , and Harchaoui and Hamdad (1995) . over switches. Routers are able to optimize network traffic, and are able to determine the best path for a packet traveling through the network. Routers have management and security features.
Network managers use routers to identify congestion within a network, and use security features in routers to keep networks safe from hackers.
When an email is sent from one of the member of the Research Division (the bottom left portion of the figure), packets are again sent through a LAN card. They next travel to a hub.
Hubs are used to connect computers in a LAN, or to allow many computers to share a network line. Hubs perform similar tasks as routers and switches. Unlike switches or routers, however, hubs do not filter packets. While still commonly used, hubs are much simpler devices than either routers or switches, generally lacking many of the management features as well as the filtering capabilities of those products.
II.2. Growth in Data Communications Equipment Spending
By the early 1990s, sales of LAN equipment soared, boosted by the migration of corporate information systems from mainframe to client/server (C/S) computing platforms. Switches became popular in 1994 as a solution to increasing congestion that was plaguing corporate networks and the Internet. The technology underlying the brainy routers, although important to generating the features that had made them so successful, was judged too slow in some instances to route the increasing volume of traffic in high-speed networks. As figure 2 shows, switches have grown explosively since 1994, becoming by far the fastest growing segment among LAN equipment.
However, despite this rapid growth -and the large body of work that has calculated quality-adjusted prices for computers and peripherals -there has been very little measurement work on communications equipment and no prior study examining LAN prices. 4 Government statistics that measure price changes in communications equipment use matched model techniques that may fail to adequately capture quality change. Figure 2 shows that among LAN equipment, the fastest rate of growth occurred among routers and switches, classes of equipment for which product complexity and rapid technical change make quality adjustment most difficult.
II.3. Previous Prices for LAN and Communications Equipment
We explore prices for LAN equipment because there is a widespread belief that official measures for prices in the more aggregate category of communications equipment do not accurately capture quality changes. 5 This belief stems from two major sources. First, prior research in related areas of telecommunications equipment (telephone switches) showed qualityadjusted prices fell much faster than had previously been measured by government statistics (Flamm 1989; Grimm 1996) . Second, LAN equipment shares several inputs with other high-tech products. Many of these inputs, such as semiconductors, have had rapid rates of price declines.
Once we get a better handle on what has happened to prices for LAN equipment, we will then be better able to address questions on how investment in communications equipment affects output measurement, and how communications equipment investment may be related to the acceleration in aggregate productivity growth observed in the late 1990s. Gordon (1990) and Jorgenson and Stiroh (2000) .
measure for PDE computer prices fell an average of over 22 percent. This faster rate of decline is due to the work government statistical agencies have done using hedonics to adjust for quality change in computers.
II.4. Market Structure in LAN Equipment
As we show below, the increasing concentration of the market for LAN equipment may have influenced the evolution of prices. Like many infant industries, the market structure for LAN equipment was very fragmented during the formative years of its evolution. However, as the industry matured in the 1990s, this quickly changed. A small number of hardware firms, lead by Cisco Systems (hereafter referred to as Cisco), 3Com, Bay Networks, and Cabletron, came to dominate most segments of the market. 7 As the market matured, the technical features of individual products (such as processor speed and memory) were increasingly less important to buyers. More important were demand-side notions such as ease of installation and integration with existing systems, and broader measures of customer service and technical support. The increasing importance of these "softer" product characteristics favored a more concentrated market structure.
As noted above, this pattern of "shakeout" is common in new industries, and has been explored extensively in prior research (e.g., Gort and Klepper 1982; Klepper 1996) . In the LAN equipment industry, there is evidence that shakeout occurred because of users' desire for interoperability across LAN equipment devices. In the early 1990s there was a proliferation of new products and vendors, but little standardization across products in things such as software, protocols, and hardware interfaces. This lack of standardization made network management and design difficult. Networking vendors claimed to support common protocols such as Ethernet or TCP/IP, however in practice products were often incompatible. 8 Since many firms only offered a small range of LAN equipment products, buyers incurred sizable switching costs when purchasing from multiple vendors. Moreover, while the underlying technology of LAN equipment was improving tremendously, levels of service provided by vendors to configure and 6 One reason that the BEA Communications Equipment index fall faster is that it is based in part on a hedonic price index for digital telephone switches developed by Grimm (1996) . 7 Nortel acquired Bay Networks in 1998 to become Nortel Networks. 8 TCP/IP is the primary protocol used to transmit messages through the Internet. For evidence on interoperability problems among LAN equipment see, e.g., Bunnell (2000) . 
III. Price Indexes for Routers
In this section we describe and present results from a hedonic analysis of routers. We use hedonic regressions instead of matched model price indexes because of frequent entry and exit of models between sampling periods in our data. Frequent entry and exit of products makes matching difficult and creates a "new goods" bias, a problem that results in price indices being overstated. Use of hedonic regressions alleviates some of the new goods bias by redefining goods in terms of their characteristics and estimating the rate of price change, controlling for the set of observable product characteristics. Because the effects of the new goods bias worsens as the time frame of the sampling period increases, use of hedonic regressions may be especially propitious when you are unable to sample frequently (Aizcorbe, Corrado, and Doms 2000) . Our data on routers is annual, and there are many products that enter and exit the market during the course of a year.
However, it is well known that hedonic methods are not without their own problems.
For instance, Trajtenberg (1989) and Pakes (2002) note there are several aspects of the new goods problem that increase consumer utility but are not reflected in price indexes generated from hedonic regressions or matched models. Hedonic based price indexes are also generally unable to provide an exact measure of the consumer welfare generated by quality change in a good. 9 The results from the hedonic method can unfortunately vary depending on the set of right hand side variables and model specification. With those usual caveats in mind, the hedonic method is well known and is one of the most common methods employed for estimating qualityadjusted price changes. Moreover, the data requirements and equilibrium assumptions for hedonics are less stringent than those used in models that calculate the compensating variation directly by estimating consumer preferences and market equilibrium.
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III.1 Data and characteristics selection
The hedonic method requires data on the prices and characteristics of the goods in question. While hedonic studies of IT goods like PCs often use data from magazines (e.g., Chwelos 2001; Nelson et. al. 1994) or data from third-party consultants (e.g., Berndt, Griliches, and Rappaport 1995; Pakes 2002) , these sources were inadequate for our purposes. These sources typically contained too few models to construct a reasonable sample, contained little information on product characteristics, and often contained products that were not representative of the market (in particular Cisco, by far the largest vendor, was typically underrepresented).
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Instead of these more traditional sources, we collected data from Cisco catalogs for the summer quarters of 1995-1998. Prices for 1999 were collected directly from the firm's World Wide Web site. 12 Our data are exclusively from Cisco. However, Cisco's market share varied from 59.5 percent to 73.5 percent over our sample period, so that our data should be representative of price movements in the market. We were unsuccessful in obtaining comparable data for routers made by other firms.
9 Feenstra (1995) identifies the circumstances under which hedonic regressions can provide an exact measure of the change in consumer welfare. Pakes (2002) shows that hedonic price indexes can bound the true compensating variation. 10 See, for example, Trajtenberg (1989) , Petrin (1999), and Nevo (2000) . 11 For a more complete discussion of the problems of these data sources, as well as a broader discussion of our data collection methods for routers, see Forman and Doms (1999) . 12 The prices are list rather than transaction prices. However, after speaking with industry participants, we have found little evidence that the gap between list and transaction prices have changed significantly over time.
A second issue related to the proper unit of observation: system or component. While low end routers often came completely pre-assembled, buyers often had great flexibility in choosing the features bundled with midrange and high end routers. Among these higher end product classes, buyers could often choose between over 40 interface modules that supported different networking protocols, and buyers had wide latitude in deciding the number of modules they purchased. Given a choice of router model, buyers could also decide between varying memory, power sources, and input/output controllers. We were unable to estimate price indexes for individual router components because for some product characteristics, the location of the characteristic (e.g., processor box or module) varied by model. 13 As a result, we considered only routers that were "fully loaded" with modules. In other words, all routers in the regression were configured with as many modules as the machine had available ports. 14 In general, all routers considered were configured with a processing engine, memory, interface ports or modules, and an input/output controller. Software was generally not included because yet we had no way of controlling for quality differences in software products. 15 In cases where multiple configurations were available for a given component (i.e., the amount of memory included in the router or the type of interface module), we would consider models with all possible configurations. Prices were determined by summing the list prices of all components.
Following industry convention, we break our data into four major categories of routers:
Small Office/Home Office (SOHO), Low End, Midrange, and High End. Small Office/Home
Office routers are personal models designed primarily to connect a remote user to the corporate network. 16 Branch offices of corporations use Low End models to organize traffic within the branch and to connect branches to a corporate network. Midrange routers are the brains behind many small to mid-size corporate networks, and High End routers are typically used only by large multinational corporations or Internet Service Providers (ISPs). More recently, multigigabit routers have come onto the market, but there was not enough data on these routers to 13 Chwelos (2001) shows that estimating hedonics of systems of components in microcomputers may yield different answers than aggregating the results of individual estimations. The reason is potential interaction between system components. Here we aggregate to the system level because of heterogeneity in the location of characteristics across routers. 14 Some interface modules were built so that additional modules could, in turn, be built on to them. We did not consider routers with this extra layer of "add-ons," as such further add-ons tended to be the exception. 15 In a small number of cases, list prices included a bundled version of Cisco's Internetworking Operating System (IOS) software, thus prices by necessity included the price of software. 16 More recently, routers in this category have been used to set up home networks, whether they be wired or wireless.
include in our analysis. Also, these multi-gigabit routers would have been a very small portion of the router market for the time period we examine.
We use engineering data on the main components of the router as our characteristics variables. 17 Table 4A lists these variables used along with their means and standard deviations by router class. Bandwidth measures the theoretical maximum bandwidth, measured in megabits per second (Mbps) , that the router is capable of networking. In other words, Bandwidth represents the total amount of network data that can be sent to the router at one time, and is found by summing the theoretical maximum data throughput from each of the cables connected to the router. The Bandwidth variable is a measure of the data capacity capable of being sent through the router, however it says nothing about the speed with which that data will be processed.
Other variables include the number of ports available for network interface modules, processor speed, standard DRAM memory, and FLASH memory. Processor speed is measured in megahertz, while DRAM and FLASH memory are measured in megabytes. We also include a dummy variable that indicates whether the router has a DC power source.
We also include dummy variables to indicate the year and market segment of a particular router. Table 4B provides a list of the dummy variables and their sample means. We include time dummies for 1995, 1996, 1998, and 1999 . We also include dummies that indicate whether the router is included in the SOHO, Low End, Midrange, or High End markets. The last dummy in the table is one if the router is in the Midrange or High End of the market and zero otherwise, and will be used to allow coefficients on the characteristic variables to vary across different parts of the product spectrum.
III.2. Hedonic estimation and results
The hedonic method provides little guidance in the way of a priori restrictions on specification of the model. We confront three major specification issues. First, there are a variety of functional forms from which to choose. Like many other hedonic studies, we 17 As in hedonic studies of computers, there exist two classes of attributes that one may use for the vector of characteristics. One class of characteristics variables uses data from performance studies to measure attributes such as the speed of the device (in our case, packet throughput) or, perhaps, reliability (in the case of routers, packet loss rate). A major problem with the use of such benchmark studies is that the manufacturers themselves often sponsor them. Under these conditions, it is unsurprising that the "best" router is usually the one from the manufacturer sponsoring the study.
consistently found that log-log models were superior to other functional forms and only those results will be discussed. 18 Second, there is a question as to whether the relationship between prices and characteristics is stable across the four major router product classes. Last, we ask if the shadow prices of product characteristics are constant through time. Given the vast technical change in these products, consumers' valuation of characteristics may have changed as product characteristics have improved. The last two specification issues are addressed in the two sections below.
III.2.1. Parameter stability across router classes
We expect there is likely to be some difference in buyer's valuation of product characteristics across product classes, particularly between the very high and low ends of the product spectrum. As noted above, routers at either extreme of the product spectrum serve very different purposes and target very different audiences, implying, as Triplett (1989) notes, that the contour of the hedonic surfaces are likely to be different.
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One way of testing the hypothesis of parameter stability is to compute F-tests. However, as Berndt, Griliches, and Rappaport (1995) note, when samples are large and standard test procedures employed (as they are in this case), F-tests may reject simplifying parameter restrictions on purely statistical grounds. We follow their procedure of applying 0.01 significance levels to F-tests and examine the change in root mean squared error (RMSE) to determine whether the hypothesis of parameter stability should be rejected. As in their paper, we require two conditions to reject the hypothesis of parameter stability: (1) the p-value of the F-tests must be less than .01 and (2) the change in RMSE from moving to an unrestricted regression must be greater than 5%.
We divided our sample into high end (consisting of High End and Midrange) and low end (consisting of Low End and SOHO) products and test for parameter constancy across the two groups. The results suggested we should allow parameters to vary across the two sample groups.
We also investigated the hypothesis that the coefficients on the characteristics variables should be allowed to vary across all four segments. Unfortunately, in the early years of the sample there was insufficient variation in the product characteristics variables within a given segment and year to obtain reliable parameter estimates.
In our baseline model we allow parameters to vary between the higher (High End and Midrange) and lower (SOHO and Low End) ends of the product spectrum but not across all product classes. This specification also fits within our knowledge of the industry. engender a bias because of shifts in the hedonic surface over time, they will sometimes be preferred when sample sizes are small and the bias is more than compensated by lower variance in the estimated price index.
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To examine the hypothesis of parameter stability through time we again use F-tests and examine the change in RMSE by moving from the restricted to unrestricted regression estimates.
We first examine the hypothesis of parameter stability across all four years. F-tests reject this hypothesis at greater than the 1% level, and the change in RMSE is over 9.6%. The comparison between our yearly and adjacent years regression models is not as clear cut; F-tests reject the hypothesis of parameter stability at the one percent level in all cases, however the improvement in RMSE is often less than the 5% level suggested by Berndt, Griliches, and Rappaport (1995) .
Because of this, this section will present the results from the adjacent year regressions.
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20 Cisco divides its product line both into product series and then models within that series. For instance, the Cisco 2501 is a particular model within the 2500 series. Models within the same series often share common characteristics, such as memory or processor speed. 21 Recent papers have examined the incidence of parameter stability in hedonic regressions and the implications for price index measurement. Berndt and Rappaport (2001) find evidence of parameter instability in desktop and laptop PCs. Heravi and Silver (2002) use scanner data to examine the incidence of parameter instability in a variety of household goods, and find evidence of instability and noticeable effects on imputed Laspeyres and Paasche price indexes. 22 Results of each of the tests and yearly regressions are included in Forman and Doms (1999) . Table 5 presents the results from the adjacent year regressions. These results will be used for price index computation later in this section. The variable DHE represents the dummy for Midrange and High End products, and is interacted with log(Bandwidth), log(Number of ports available), log(FLASH memory), log(Processor speed), log(DRAM memory), and a dummy variable for DC power source. These interaction terms are provided to allow for varying coefficients across the lower and higher ends of the product spectrum. In our adjacent year regressions, we include year dummies interacted with product spectrum dummies for SOHO, Low End, Midrange, and High End routers and use these variables to estimate second-period prices. Standard errors are in parentheses and are calculated using the White (1980) heteroskedasticity-robust procedure. Table 6 shows the price indexes derived from the regressions. Pakes (2002) notes that because the parameters of a hedonic regression reflect the results of a complex equilibrium process, there is no reason to expect a positive relation between price and characteristics of goods that are thought to be desirable. Accordingly, we will not discuss the coefficient results on the hedonic regression, and focus our analysis on the price index results. We last calculate price indexes by exponentiating the dummy coefficients on the time dummies in our adjacent year regressions. As is well known, price indexes calculated using these methods are biased, and we employ the standard correction of adding to the coefficient one half times the squared standard error (Triplett 1989 ).
III.2.3. Router results
The last lines in table 6 show our composite, chain weighted, router index based on North American sales for the four router categories. This index was created by chain-weighting the four individual router indexes. Overall, router prices fell an average of 13.6 percent between 1995 and 1999. In other words, router prices fell much more rapidly than recent government estimates for the communications sector. However, comparing our results to other recent hedonic studies, prices of routers fell much more slowly than prices of computing equipment. percent over 1994-1999. Below we discuss potential reasons for these differences in the rates of router and computer price declines. We will also address the significant variation we observe in the rate of price declines across router classes.
• Differences between computers and routers: One reason for the difference in the rate of price declines between computers and routers may be differences in the rate of decline in semiconductors. Aizcorbe, Flamm, and Khrushid (2001) show that the prices of semiconductor inputs in computers have fallen faster than semiconductor inputs in communications equipment.
Moreover, they estimate that semiconductors account for a greater share of variable costs in computers than in communications equipment. Because semiconductor prices have fallen so rapidly, this translates into larger declines in prices for computers than for routers. Using data from 1998, they show that declines in semiconductors contributed anywhere from 16.1 to 23.8
percentage points to the 40.3 percent decline in computer prices in that year. In contrast, they
show semiconductors contributed between 5.7 and 10.0 percentage points to the 29.5 percent decline in LAN prices in 1998. 23 They conclude that differences in semiconductor input price declines can explain almost all of the variation in price changes between computers and LAN equipment in 1998.
• Differences among classes of routers: Table 6 shows that each of the four router classes declined at significantly different rates between 1995 and 1999. In particular, Midrange prices rose 3.2 percent while prices for the other three categories fell between 16.1 and 24.7 percent. 24 We believe that differences in market structure helps to explain the different growth rates.
For one, we believe that the presence of switching costs in routers has influenced their rate of price declines. Klemperer (1995) shows how learning and compatibility costs between existing systems and new purchases can lead to switching costs in changing vendors. Such switching costs can cause buyers to exhibit "brand loyalty" and so increase the likelihood of repeat purchases from incumbent vendors. The trade press generally regards switching costs in the market for routers and switches to be significant (e.g., Tolly, 2000; Wickre, 1996; Petrosky, 1996) . Forman (2002) has used discrete choice models to demonstrate the existence of switching 23 Aizcorbe, Flamm, and Khurshid (2001) cite the Federal Reserve Board's Industrial Production index described in Corrado (2001) . This index used the LAN price index in this paper as an input. 24 We believe the apparent rise in Midrange prices probably captures flatness in price declines over our sample. We carefully examined the routers and modules in this segment and found little evidence of price changes over our sample for the vast majority of products.
costs in this market, showing that vendor incumbency can increase the probability of purchase from a vendor from 14 percent to 25 percent.
When switching costs are present, the seller's optimal strategy is often to set prices low in early periods to capture a large installed base of "locked-in" customers (Klemperer 1995; Farrell and Klemperer 2001) . If sellers are unable to identify new and repeat customers, prices in later periods will depend on the fraction of new and repeat buyers. 25 The literature generally shows that the larger the share of repeat buyers, the more likely sellers will charge high prices in later periods to reap the benefits of their installed base.
This dynamic pricing strategy is fully consistent with our results. The product lines in the midrange segment are among the oldest in the market. Moreover, they are the products sold to Cisco's most faithful customers-large enterprises (Bunnell 2000) . We believe that Cisco maintained flat prices in Midrange routers to capture rents among its most loyal customers. In contrast, the High End router market was new and growing rapidly over 1995-1999. Cisco had a large market share, however most growth came from new customers. In contrast to the Midrange market, prices fell rapidly (-16.1 percent). SOHO and Low End products, because of their simplicity, had among the lowest switching costs.
Second, the effects of high concentration in the Midrange segment may have contributed to the flatness in prices. Table 3b shows that in 1996 and 1999, Cisco's market share in the Midrange segment was 66.6 percent and 79.6 percent: Cisco's second highest for both years.
Although it had a higher market share in High End routers, new product entry from smaller players such as Juniper Communications limited Cisco's market power. If market shares and market power were greatest in the Midrange segment, then most static and dynamic theories of oligopoly pricing would suggest that price-cost margins in this market would be elevated. In contrast, the most competitive router segment is SOHO, and that is the category that has the highest average price declines.
IV. Price Indexes for Switches
IV.1. Data and Characteristics Selection for Switches
The analysis of switches closely follows that of routers, with some exceptions. Because
Cisco's market share is smaller in switches than it is in routers (table 3a) , we thought it was important to obtain data from additional vendors. Moreover, because switches are simpler devices than routers, traditional data sources contained sufficient information. We used price and characteristics data from Datapro's "Comparison Column Reports", a service that compares switches from a variety of vendors. The reports typically list a series of switches across columns and the rows in the reports contain information on the characteristics of the switches, such as number of ports, interfaces, et cetera. As a check, we compared the Datapro data against Cisco product catalogues for Cisco switches and generally found that the two sources of data for Cisco switches agreed.
Several problems were encountered in collecting this data. First, not all reports contained the same information on characteristics, and many observations had to be dropped due to inadequate information on the characteristics of the switch. Second, we were not able to obtain data for 1998. Third, our sample in 1997 is small (18 observations). 26 Finally, like routers, the prices in the reports are list prices rather than transaction prices. We were able to gather usable data for a total of 366 observations from 1996 to 2000. Table 7 presents summary statistics for the LAN switch database. Like routers, measures of performance are difficult to come by. We were unable to collect data on the type of processor or memory chip in switches as we did in routers. However, we were able to obtain information on the number and types of interface ports in each switch. These are the primary dimensions along which speed and quality are judged in switches. For each type of interface port, we included both a dummy indicating the presence of that port type as well as the log of the number of ports available. We control for 10, 100, and 1,000 megabit Ethernet ports, FDDI (fiber distributed data interface) ports, and ATM (asynchronous transfer mode) ports.
We were also able to collect some additional data on the capabilities of switches.
Switches vary by whether they have layer 3 switching capability and single mode fiber 26 Entries in the comparison column reports were updated when Datapro issued a review of the product report. Entries that had not been reviewed were simply carried over from previous reports. To eliminate biases from data error, we dropped observations that were duplicates of the previous report. Many of the observations in the 1997 report were copies of the 1996 report with no change. Many of the switches in our sample had a wide array of characteristics--enabling them to speak a variety of languages and operate at varying speeds. We included all switch models in the regressions and did not segment the data into classes, as we did with routers. Although there is a very wide range in speed, sophistication, and capacity across switches, we were unable to find a small number of clearly defined market segments in switches as we did in routers.
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IV.2. Switch Results Table 8 presents the results from a pooled regression and from adjacent year regressions. 28 Not shown in the table is a list of firm dummy variables. Using the dummy variables from the adjacent year regressions, we found the average annual price decrease was 21.9 percent, a faster rate of decline than that for routers. The pooled regression results generate a nearly identical result of 22.2 percent. Thus, it appears that prices for switches fell substantially faster than that for routers.
We spoke with several buyers of networking gear and they confirmed our results; they felt that switch prices have fallen faster than routers prices. Again, we feel that market structure provides one reason for the different rates of price declines. As shown in table 3a, the switch market is much less concentrated than the router market. Cisco has far less market power, and no firm is dominant in the same way that Cisco is in the router market. If firms in a competitive market price more aggressively, then this will lead to more rapid rates of price declines.
The presence of switching costs may also help to explain the pattern of price declines in the switch market. Forman (2002) has shown that switching costs can influence switch vendor selection. Figure 2 shows that the switch market achieved critical mass in 1995 and grew explosively throughout the late 1990s. If switching costs play a role in vendor selection, then the 27 We did experiment with different product groupings, but found no clear advantage to doing so. Additionally, the samples by year were small (especially for 1997), so dividing the sample greatly increased the standard errors of our estimates. 28 Annual regressions were not run because of the small samples, especially in 1997. models described above on dynamic pricing under switching costs suggest that switch vendors will compete aggressively in the early years of the market to obtain market share and an installed base of locked-in users. In other words, the rapid price declines in switches may reflect early period market competition among Cisco, 3Com, and Nortel Networks to obtain greater ex post market power in future years.
V. Price Indexes for LAN Cards
The third component of local area network equipment that we examine is LAN cards, the device in a computer that is physically connected to a computer network. 
VI. Price Indexes for Hubs
The final components of LAN equipment, hubs, are simple devices that have been replaced over the years by switches. We have not performed an analysis of hubs like that of routers and switches for several reasons. First, we had a difficult time in obtaining data that contained prices and characteristics. Second, the importance of hubs in total LAN expenditures has decreased over time, so we allocated our own resources in getting better measures on prices for switches and routers. In 2000, spending on hubs accounted for only 4 percent of total LAN expenditures.
For hubs we use an admittedly crude approach. The approach examines the relationship between changes in the price per port for switches and compares that to the price per port for hubs. The reason we exploit this relationship is that we have price per port data for hubs and for switches, but no price data for hubs themselves. The price per-port measures are Fisher indexes based on data for a handful of switch and hub classes.
Figure 3 presents these data. Between 1996 and 2000, the price per-port measures for switches fell at an annual average rate of 34.7 percent whereas the price per-port measure for hubs fell 30.1 percent. We construct a price index for hubs by taking the ratio of the two Fisher per-port indexes and multiplying by the switch price index. Since the per-port index for hubs doesn't fall as fast as the per-port measure for switches, the price index for hubs doesn't fall as fast as that for switches. From 1996 to 2000, we estimate that the prices for hubs fell at an annual average rate of 19.0 percent. We admit this is the weakest result in the paper, but, as pointed out before, the nominal share of hubs in LAN equipment has been declining and became very small, so the effect of errors in our hubs index will not have a large effect on our overall results.
VII. Our LAN Price Index and Implications
Using the results from the previous sections, we calculate that the LAN equipment price index fell at a 17 percent annual rate between 1995 and 2000, about 16 percentage points faster than if the BLS PPI for communications equipment was used.
We next used our LAN equipment index to estimate the impact this revised price index would have on real investment in the National Accounts. As we stated in the beginning of this paper, LAN equipment is a relatively small portion of private equipment and software spending.
Therefore, the effects that this index would have on much larger aggregates will be limited.
Nonetheless, we estimate that the real growth rate for certain investment aggregates would be boosted in non-trivial ways. For instance, the real growth of communications equipment would be boosted by an average of 2.4 percentage points a year between 1995 and 2000 by using our index. The comparable figure for total information processing equipment would be about 0.6
percentage points per year. For total non-residential investment, the average real growth rate would be boosted by 0.2 percentage points per year. It is important to note that the results of this paper have already been incorporated into the NIPAs, and that real growth rates for investment in communications equipment and for non-residential investment have been revised upwards as a consequence of them.
VIII. Conclusions
There is good reason to believe that prices for communications equipment are mismeasured, in part, because of rapid technological change. In this paper, we examined prices for just one area of communications equipment, LAN equipment. We found that prices fell quite quickly during the later half of the 1990s, although not as quickly as prices of computers. We found that there was a good deal of variation across various LAN categories. This variation appears to be consistent with stories we have heard about the structure of the industry, as well as recent studies on input prices and buyer behavior in this market.
We view our research into LAN equipment pricing as one step towards better understanding what actually happened to prices for communications equipment more generally.
As shown above, accurate measurement of these prices can have important implications for measurement of investment and productivity growth. 1. This is the BEA deflator before the LAN results were incorporated. 
